In this work, we investigate the performance of InGaAs p-i-n photodetectors with cut-off wavelengths near 2.6 μm. The influences of different substrate materials on the optoelectronic properties of InGaAs detector are also compared and discussed. GaAs-based device shows a significant enhancement in detector with a better performance for a InGaAs photodetector compared to InPbased device. In addition, our results show that the device performance is influenced by the conduction band offset. This work proves that InAlAs/InGaAs/GaAs structure is a promising candidate for high performance detector with optimally tuned band gap.
Introduction
In recent years, there are growing needs for near-infrared detectors, the most important applications are spectral imaging, such as earth observation, remote sensing and environmental monitoring [1] [2] . Compared with the conventional HgCdTe or antimonide materials, the InGaAs material has higher electron mobility, better stability, anti-radiation characteristic, mature growth, device processing technology, and performance of the detectors, especially in high operation temperature and high irradiation environment. InGaAs p-i-n detector has recently become one of the most important near-infrared detectors. However, narrow detection range and large dark current remain a major problem restricting its development and application. There is a strong need for high performance extended wavelength InGaAs detector at room temperature.
Since the main limitation for device performance is associated with device structure, the design of novel device structures is an effective way to improve detector performance. In addition, the detailed characteristics of high indium content InGaAs detector, especially the dark current mechanism, have not been studied thoroughly. By increasing the In content of InGaAs, a quite large lattice mismatch between InGaAs epilayer and substrate is introduced and the dark current mechanism of the devices becomes complicated [3] . Therefore, more research is Figure 1 shows a comparison of the dark I-V characteristics of the two-type InGaAs photodetector and corresponding InP and GaAs substrates. It is found that the dark current of InP-based device is smaller than that of GaAs-based device at the first 0.1 V. After 0.1 V, the dark current of InP-based detector obviously increased. It is interesting that the GaAs substrate dark current becomes flat as the voltage increases from 0.1 to 0.5 V. In the bias region, the simulated dark current is nearly independent of bias, and is sensitive primarily to the recombination velocity at the interface. As the reverse bias is increased to 0.5 V, the dark current density increase to 175 μA/cm 2 and 110 μA/cm 2 , respectively. Figure 1 indicates that at room temperature and at a reverse bias of 0.5 V, the dark current was reduced when GaAs act as substrate. This dark current is significantly lower than photodetector using InP substrate, whose tunneling component of dark current is substantial within this bias range. It was quite obvious that the reduction of the field-assisted tunneling process below the reverse bias of 0.5 V was responsible for this reduction in dark current for device.
Results and Discussion
The photocurrent characteristics for the InGaAs detector with different substrates are given in Figure 2 . The relation between photocurrent and light power under a bias voltage of 0.5 V shows higher photocurrent with increasing light power as more light couples into the system. One can notice an increase of the photocurrent by using GaAs substrate. Excitation power and externally applied voltage are the same in both cases. Thus we attribute the improvement to the substrate. The in-depth electrical field is higher for the InAlAs/InGaAs/GaAs structures, and currents from the deeper layers go directly to the contacts, without crossing barriers of the heterostructure. Thus one can expect an increase in the photocurrent. Compared with the InP substrate, bigger photocurrent of the GaAs substrate structure is clearly demonstrated and explained especially for high-energy photon, which reveals that the substrate plays a key role in improving the quantum efficiency. It is observed that the GaAs-based detector has lower dark current density as well as a higher photocurrent compared to those of InP-based detector. This meaning that there are better optoelectronic properties in the GaAs substrate and the performance are improved for GaAs-based detectors. Figure 3 shows the measured relative response spectra of the extended wavelength InGaAs detectors with different substrate at 300 K. The cut-off wavelength of InP-based detector is 2.5 μm, respectively. However, the cut-off wavelength shifts to 2.6 μm when the substrate is GaAs. It is surprising that this GaAs substrate structure has a larger responsivity range compared with InP-based detector. According to simulation result, the wavelength become wide with GaAs substrate, which is due to the wavelength dependence in the Fermi-Dirac distribution function. Meanwhile, it should be mentioned that the measured responsibility of this InAlAs/InGaAs/InP system is still lower than InAlAs/InGaAs/GaAs. To understand this behavior qualitatively, it's worth noticing that the responsivity of a photodetector is the number of collected carriers per incident photon. When the substrate region is GaAs, the minority carriers switch to high mobility electrons as compared to the InP substrate sample where the minority carriers are holes. The rate that carriers leave the substrate region is faster in GaAs substrate samples as compared to InP substrate. Therefore, the probability of carrier recombination decreases and leads to higher responsivity. The long wavelength cutoff is not only determined by the absorption edge of the InGaAs layer, but aslo determined by the substrate. The calculated energy band structure of the proposed detector around the InP and GaAs substrate layers at a bias voltage near the onset condition without illumination is shown in Figure 4 . A broadband absorption enhancement is obtained by combining the phenomena, and the dark current can be tuned by changing substrate. This is due to high electron mobility in InGaAs and to the large conduction band discontinuity between absorption and substrate layers which favors charge transfer and confinement in the channel. Compared to the major industrial competitors, the InP-based device, GaAs-based device has a higher conduction band offset, which provides good electron confinement [7] [8]. The energy states near the band edge are occupied and results a decrease in the generation rate and related dark current. Because it can have a high conduction band offset region at the interface, the GaAs-based detector may be less affected by misfit dislocations than InP-based with low offset region, which exhibit low leakage current when significant numbers of such misfit dislocations intercept the interface region.
Conclusion
A novel design, InAlAs/InGaAs/GaAs structure, with a great potential for near-infrared detection was found in this research. After optimizing, the wavelength response up to 2.6 μm at room temperature. The results show that the performance of InGaAs detector strongly depend on the device structure, i.e., substrate material. In addition, research results demonstrate that the conduction band offset of heteojunction interface has important influence on the movement of carrier, which could result in changes of detector performance. The higher conduction band offset is more favorable for the low dark current operations.
